3-D-printed temporal bones were made from 3 commonly described materials for temporal bones in the literature: polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and photoacyrlic resin (PAR). The PLA model was printed using a commercially available FlashForge Creator Pro fused deposition modeling (FDM) 3-D printer (FlashForge Corp) using PLA filament made by Hatchbox ( Figure 1 ). The ABS model was printed on the same printer using ABS filament made by Hatchbox. The PAR model ( Figure 2 ) was printed using the commercially available Formlabs Form 2 stereolithography (SLA) 3-D printer using the Formlabs Standard White Resin (Formlabs). Safety data sheets produced by Hatchbox 10 and Formlabs 11 describing the respective materials were reviewed, which describe the compounds in the materials. Using this information, safety specialists from our Office of Environmental Health and Safety generated a list of harmful volatile organic compounds (VOCs) to be sampled during the testing. These compounds were chloroform, ethyl alcohol, hexane, methyl isobutyl, ketone, napthalene, tetrahydrofuran, xylenes, cyclohexanone, ethylbenzene, isopropyl alcohol, methyl methacrylate, perchloroethylene, toluene, ethyl acetate, heptane, methyl ethyl ketone, methylene chloride, styrene, and trcihloroethylene. The Office of Safety and Health Administration (OSHA) 15-minute Exposure limits of these compounds is listed in the Table. In addition to VOC testing, total particulate (TP) count was performed to assess how much particulate material of any size 5 μm or greater was detectable at the neckline. Monitoring of VOCs was conducted using Assay Technology 521-25 organic vapor badge worn at the surgeon's neckline. Monitoring of TP was conducted using a 37-mm 5-μm polyvinyl chloride filter housed inside a cassette and coupled with an SKC AirChek 52 personal air-sampling pump operating at a flow rate of approximately 2.0 L per minute. Prior to starting any drilling, the safety officers sampled the air in the temporal bone laboratory as a control. Surgeons wore a standard operating room gown, mask, and nonsterile nylon gloves to protect them from possible harmful exposure. The filter/pump combination was calibrated prior to and after sampling and the average flow rate was calculated. Drilling of each bone was then separately conducted using an Anspach EMAX 2 surgical drill with Acumen cutting and diamond burrs. The drill was operated at a speed of 80 000 rotations per minute. A suction irrigator was used to closely simulate surgical conditions, as is standard when drilling in the temporal bone laboratory. There were no ventilation hoods, down-draft or negative pressure ventilation systems in the temporal bone laboratory. Throughout the drilling, VOC and TP count sampling was performed. We chose this amount of time because this is, in our experience, about the length of time that is used to drill these models and we wanted to ensure adequate sampling time to minimize sampling error. To maximize the "bone dust" created, we focused on drilling the material continuously during the 40 minutes, rather than precise anatomic drilling, with the majority of the material drilled away by the end of sampling. During the drilling, the surgeon wore the sampling badge and particulate sampler at the neckline. We chose a sampling time of 40 uninterrupted minutes, which was well over the mandated OSHA testing time of 15 minutes, to better mimic actual standard time spent in a laboratory drilling. The Office of Safety and Health Administration only requires 1 sample for safety testing. Therefore, drilling multiple temporal bones of the same compound to evaluate for reproducibility of sampling is not encouraged nor compensated for when undergoing formal OSHA safety testing as undertaken in this pilot study.
Once sampling was performed for each model, the filters were sent to laboratories accredited by the American Industrial Hygiene Association. The VOC samples were analyzed by Assay Technology using gas chromatography in accordance with OSHA Method 7. The particulate samples were analyzed using gravimetric analysis in accordance with the National Institute of Occupational Safety and Health (NIOSH) Method 0500.
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The Office of Safety and Health Administration has established a personal exposure limit of 15 mg/m 3 of air for employee exposure to airborne TP based on an 8-hour timeweighted average exposure. 13 The Office of Safety and Health Administration has also established an action level, defined as a level at which an intervention must occur, of 5 μg/m 3 based on an 8-hour exposure and 15 1.1 μg/m 3 based on a 15-minute exposure. The VOC exposure limits for the measured compounds vary from 10 to 1000 ppm depending on the compound.
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Results
For PLA, the results of the VOC testing were less than the analytical detection limits for all analytes. The TP count was less than the analytical detection limit of 1.1 μg/m 3 . For ABS, the results of the VOC testing were less than the analytical detection limits for all analytes. The TP count was less than the analytical detection limit of 1.1 μg/m 3 . Of note, although no harmful VOCs were detected, the smell of ABS while drilling was putrid.
For PAR, the results of the VOC testing were less than the analytical detection limits for all analytes except isopro-
Key Points
Question When drilling 3-dimensional (3-D)-printed temporal bones, are harmful volatile organic compounds (VOCs) produced in excess of the safety limits set by the Office of Safety and Health Administration (OSHA)?
Findings In this occupational safety assessment, air sampling was conducted while a surgeon drilled temporal bones of 3 different commonly used materials; no harmful VOCs were detected in excess of the safety limits.
Meaning Drilling 3-D-printed models of the 3 tested materials was safe by OHSA standards; continued monitoring and safety testing is needed as 3-D-printed technologies are introduced to our specialty. pyl alcohol, detected at 0.24 ppm. This is well under the OSHA personal exposure limit of 400 ppm. The TP count was 1.4 μg/m 3 .
The results were below all applicable OSHA Action Levels and Permissible Exposure Limits for all contaminants sampled for.
Discussion
As 3-D printing technology continues to be explored in our specialty, we have a responsibility to our trainees, our patients, and ourselves to consider the safety of using the materials as intended. To our knowledge, there are no other studies looking at the safety of drilling 3-D-printed models using a standard surgical drill.
In this study, we performed safety testing using standard OSHA protocol to evaluate the safety of drilling 3 commonly cited materials, PLA, ABS, and PAR.
When looking into the data available for these materials, we turned first to the data safety sheets (SDS), which manufactures are required to publish. In each case, general precautions were emphasized with little specific information on dosing or parameters. Polylactic acid is a man-made polymer made from lactic acid, a naturally organic acid produced from fermenting sugars. It is used to make biodegradable materials, bioabsorbable sutures, and bone screws. 13 For PLA, users are instructed to "avoid eye contact and inhalation of dusts. Use adequate safety equipment, eg, protective clothing, eye protection glasses, heat protection gloves. In case of dust formation wear mask with particle filter. Avoid breathing dust and vapors. Dust can cause irritation of eyes, respiratory organs and skin," in the safety data sheet. It notes that the melting temperature is 155°C and decomposition products include carbon monoxide, carbon dioxide, and hydrocarbons.
Acrylonitrile butadiene styrene is a terpolymer made by polymerizing styrene and acrylonitrile in the presence of polybutadiene. Several studies have found an association between styrene exposure and the development of cancer. 15 Styrene is classified as a possible human carcinogen by the International Agency for Research on Cancer (IARC classification group 2B). The amount of styrene in ABS material for 3-D printing can vary, but for Hatchbox brand it is no more than 0.1% weight concentration. For ABS, the safety data sheet recommends a local exhaust ventilation system to "effectively remove and prevent buildup of any dusts or fumes that may be generated during handling or thermal processing." The decomposition temperature is 250°C. Photoreactive acrylic resin is made from a mixture of methacrylic acid esters and photoinitiator. 11 For PAR, prior to printing the material, it is in liquid form, and the data sheet describes it in this phase. It is classified as a category 1 irritant and may be "irritating to eyes, respiratory system and skin," according to the safety data sheet. The flash point temperature is 100°C and decomposition products include carbon oxides, nitrogen, and hydrocarbon fragments. In addition to the safety data sheets, there have been studies looking at exposures with 3-D printing the materials. A study performed by Azimi et al 16 looked at emissions of particles and VOCs when actively printing the materials, which involves heating the materials. They quantified emissions of ultrafine particles and VOCs from 5 filament extrusion desktop 3-D printers and 9 different filaments in a closed testing chamber that sampled for at least 2 hours. Included in this study was PLA and ABS. There was a significant difference comparing the various materials. Overall, the PLA material printed on the FlashForge was among the safest. It was a low emitter of VOCs (<40 μg per minute). The only VOCs detected were lactide and 12-Crown-4 of the Pictured is a temporal bone made from PLA positioned in the temporal bone holder. Polylactic acid is a thermoplastic material that is melted and then rehardens during the printing process with a filament deposition printer. Acrylonitrile butadiene styrene is also thermoplastic and printed using a filament deposition printer. The underlying plate with holes is the lid to the dissection station and is not part of a downdraft ventilation system.
Figure 2. Temporal Bone Printed Using Photoreactive Acrylic Resin
The pictured temporal bone is printed using a stereolithography printer that uses a laser to cure each layer. be 150 μg/m 3 , would be 20 times higher than the average concentration in commercial and residential properties in the United States. Although printing the materials is not equivalent to drilling the materials, it does again support that not all materials are created equally; some may produce harmful chemicals and safety testing is important.
Safety of Drilling 3-Dimensional-Printed Temporal Bones
In the present study, we found that for PLA, no VOCs were detected and the TP count was under the detection limit of 1.1 μg/m 3 . For ABS, no VOCs were detected and the TP count was under the detection limit of 1.1 μg/m 3 . The operating surgeon did however note a putrid odor. It is unclear what compound this represents, but likely a volatile compound that is present in a quantity under the detection limit (1.1 μg/m 3 ). Human olfaction can be as sensitive as 0.77 parts per trillion. 18 For PAR, there was 1 contaminant detected, isopropyl alcohol at 0.24 ppm, well under the OHSA limit, and the TP count was also under the OHSA limit at 1.4 μg/m 3 . Isopropyl alcohol is a compound commonly found in rubbing alcohol, hand sanitizers, and cleaning products. According to the National Institutes of Health toxicology sheet, which describes the inhalation limit of 400 ppm, effects if ingested or inhaled at toxic doses include drowsiness, ataxia, stupor, coma and respiratory depression, irritation of mucous membranes and eyes, gastritis, gastric hemorrhage, vomiting, pancreatitis, cold clammy skin, hypothermia, miosis, tachycardia, slow and noisy respiration. 19 It has been used in emergency departments to increase nausea relief. 20, 21 There is inadequate evidence to classify it as a carcinogen in humans or animals. 19 Isopropyl alcohol is used in the post processing of SLA printed models. In this study, models were drilled within 1 hour of postprocessing in isopropyl alcohol to maximize detection. Allowing models to fully dry (1-2 days) would likely minimize the level of residual isopropyl alcohol in the model. All of our results are below all applicable OSHA Action Levels and Permissible Exposure Limits for all contaminants sampled for. We are relieved to find that this pilot study did not identify the release of carcinogenic or irrigating VOCs while drilling and using suction/irrigation at the levels set by OHSA. If suction/irrigation had not been used, the materials may have heated up to a greater extent and potentially released a significant amount of VOCs. Our temporal bone laboratory is not equipped with a ventilation hood or negative pressure ventilation system, and thus our results are most applicable to centers in which an active ventilation system is not installed. However, we would recommend having a good ventilation system in place in the temporal bone laboratory if using 3-D-printed materials, particularly if ABS is going to be used given the known presence of styrene, the foul odor when drilling, and the recommendations set forth by the safety data sheets. Although OSHA guidelines are set for safety based on currently available data, there may be health effects of drilling that have yet to be discovered or VOCs that have not been measured.
Limitations
This study is limited to 3 of the many materials available for 3-D printing and only 1 of the many uses being explored in otolaryngology. Moreover, these same materials when made by other manufactures may differ slightly in composition and additives. We encourage other institutions to perform safety testing and share their data. Many institutions including our own have environmental safety departments and safety officers that can be invaluable with designing and carrying out safety testing, as well as implementing any changes that need to occur based on the results.
Conclusions
Drilling 3-D-printed models made from PLA, ABS, and PAR was safe by Occupational Safety and Health Administration standards. Continued monitoring and safety testing is needed as 3-D printing technologies are introduced to our specialty.
